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ABSTRACT  The effects of a neutral lidocaine homologue, 5-hydroxyhexano-2',6'- 
xylidide (5-HHX), on the kinetics and amplitude of sodium currents  in voltage- 
clamped amphibian  nerve  fibers are  described.  5-HHX produced  two types of 
sodium current inhibition:  (a) tonic block, in resting fibers (ICs0 ~ 2 raM), and (b) 
phasic  block,  an  additional,  incremental  inhibition,  in  repetitively  depolarized 
fibers  (frequency >  1  Hz). The kinetics of phasic block were characterized by a 
single-receptor, switcbed-affinity model, in which binding increases during a depo- 
larizing pulse and decreases between pulses.  In the  presence of 4  mM  5-HHX, 
binding increased during pulses from -80  to 0  mV, with an apparent rate con- 
stant of 6.4  •  1.4  s -~. Binding decreased between pulses with an apparent rate 
constant of 1.1  + 0.3 s -~. There was little effect of extracellular pH on the kinetics 
of phasic block. These findings demonstrate that neither the presence of a termi- 
nal amine nor a  net charge on a  local anesthetic is required for phasic block of 
sodium channels. 
INTRODUCTION 
Local anesthetics  (LA) comprise a  broad class of compounds  capable of blocking 
impulse transmission by reversibly inhibiting sodium channel  function.  Most clini- 
cally useful local anesthetics are tertiary amine compounds having pI~'s in the range 
of 7-9,  so that a  mixture of the charged (protonated)  and neutral  forms exists at 
physiological pH. There has been considerable controversy concerning the relative 
potencies of the charged and neutral  forms of drug for blockade of sodium chan- 
nels,  as  well  as  their  loci  of  action.  Although  quaternary  amine  (permanently 
charged) derivatives of the local anesthetic,  lidocaine, block sodium channels from 
the cytoplasmic side of axonal membrane (Frazier et al., 1970; Strichartz,  1973), the 
neutral drug benzocaine (lacking the tertiary amine moiety) is also a potent inhibitor 
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of sodium currents in nerve and muscle  (Hille,  1977a;  Neumcke et al.,  1981). At 
least one of the binding sites for these tertiary amine anesthetics is likely to overlap 
that for benzocaine, as their blocking actions are competitive (Rimmel et al.,  1978; 
Schmidtmayer and Ulbricht, 1980; but see Mrose and Ritchie, 1978), and both LAs 
competitively inhibit the binding of the specific sodium channel activator, veratri- 
dine (Ulbricht and Stoye-Herzog, 1984; Rando et al., 1986). 
All LAs produce a dose-dependent inhibition of sodium currents (IN~), as assessed 
with infrequent stimuli. This inhibition is known as "tonic block." When the stimuli 
are  more frequent, many LAs cause a  further inhibition of INa, so-called "phasic 
block" (Strichartz, 1973; Courtney, 1975). Phasic block is generally attributed to a 
specific interaction between the channel and the charged species of anesthetic. For 
example,  the  quaternary  (permanently charged)  lidocaine analogue  QX-572  pro- 
duces a profound phasic block of sodium current in frog nerve, while neutral ben- 
zocaine exhibits little  if any phasic  blocking behavior (Hille,  1977a).  The  phasic 
blocking property of tertiary amine anesthetics has, therefore, been associated with 
the protonated (charged) form of drug.  Further support for this view comes from 
kinetic analysis of phasic block with lidocaine, where the  proportion of charged/ 
neutral  forms is  varied by adjusting extracellular pH  (pHo): the rate  of recovery 
from block between depolarizations is slower at lower pHo, where more of the lido- 
caine  is  in the charged form (Schwarz et al.,  1977).  The view that emerges from 
these studies is that exit from the binding site of closed channels is more difficult for 
the protonated drug molecule than for its neutral congener; one physical interpre- 
tation is that the greater lipophilicity of the neutral agent allows it to escape more 
easily into the surrounding lipid phase. 
There are two main theories that can account for phasic block. Under the modu- 
lated receptor hypothesis (Hille, 1977b; Hondeghem and Katzung, 1977), the affin- 
ity of the binding site for LA is higher when the channel is open or inactivated than 
when in the resting state.  Under the guarded receptor hypothesis (Starmer et al., 
1984) the affinity is constant but access to the binding site is guarded by the activa- 
tion and/or inactivation gates, such that the forward binding rate is faster when the 
channel is open or inactivated than under resting conditions. 
There are two possibilities for the lack of phasic block by the neutral LAs so far 
examined.  One  is  that  a  drug  molecule  must  be  charged  for its  binding  to  be 
enhanced by depolarization. A second possibility is that the binding of neutral LAs 
is also enhanced by depolarization, but that recovery from the extra block is compa- 
rable to, or more rapid than, the normal rate of recovery from inactivation, so no 
extra block is detectable. 
In this study, we describe the effects of a  neutral lidocaine homologue (lacking 
the  tertiary  amine),  5-hydroxyhexano-2',6'-xylidide,  on  sodium  currents  in 
amphibian nerve. We show that this compound can produce a phasic block similar 
to that produced by anesthetics bearing a  net charge. These findings demonstrate 
that  a  charged  (protonated) molecule is not required for phasic block of sodium 
channels. 
METHODS 
Single myelinated nerve fibers were dissected from the sciatic nerve of the toad, Bufo marinu,, 
and a node of Ranvier was voltage  clamped at  13~  (Dodge and Frankenhaeuser,  1958). CHERNOFFAND ~TRICHARTZ  Block of Na + Currents by 5-HHX  1077 
Except where noted, the holding potential was set at E~  ffi  -80  mV (where 5-15% of the 
sodium channels were inactivated). The shunting artifact of Dodge-Frankenhaeuser (1958), 
which leads to an overestimate of the true applied membrane potential, was not measured 
and adjusted for in these experiments. Leak and capacity currents were subtracted using an 
analogue leak subtractor with two time constants. Membrane currents were estimated using 
an assumed internodal resistance of 10 MiL 
Pulse protocols were generated by computer (IBM-PC/AT with Labmaster data acquisition 
board, Scientific Solutions, Inc., Cleveland OH, and pCLAMP Software, Axon Instruments, 
Inc., Burlingame CA) and the evoked currents were sampled with 12-bit resolution at 25,000 
samples/s, after passing through a two-pole low-pass analogue filter with 5-kHz cutoff. 
Solutions 
The internodes were cut in a  solution composed of (in millimolar): 120  CsCI, 5  NaC1,  10 
3-(N-morpholino)propanesulfonic acid (MOPS), titrated to pH 7.3 with tetramethylammon- 
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FIGURE 1.  Chemical  structure  of 
lidocaine, 5-HHX, and benzocaine. 
ium (TMA) hydroxide (~5 mM). This solution blocked >95% of the "delayed rectifier" K + 
currents. The extracellular solution ("Ringer") contained (in millimolar): 115 NaCI, 2.5 KCI, 
2.0 CaCI~, 10 MOPS, titrated to pH 7.3 with TMA.OH. In some experiments, 10 mM tetra- 
ethylammonium (TEA) chloride was added to the Ringer's solution to further inhibit K + cur- 
rents, with no apparent effects on anesthetic block of sodium channels.  In experiments at 
other levels of pHo,  10  mM  of N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid 
(TAPS: pH 8.5) or 2-(cyclohexylamino)ethanesulfonic acid (CHES: pH 9.4) was substituted 
for the MOPS. 
The neutral lidocaine analogue, 5-hydroxyhexano-2',6'-xylidide  (5-HHX or compound 13, 
Tenthorey et al., 1981) was supplied in HPLC-pure, crystallized form by Professors Paul D. 
McMaster and Eugene W. Bymes (College of the Holy Cross and Assumption College, Wor- 
cester,  MA, respectively). Stock solutions of 5-HHX  (400  raM) were prepared in absolute 
ethanol (EtOH)  and diluted as needed into the extracellular Ringer's solution. Benzocaine 
(Eastman Kodak, Rochester, NY) was prepared as a  200-raM stock solution in EtOH.  Drug 
structures are shown in Fig.  1.  Stock solutions were stored at 6~  for up to 2 wk with no 
apparent loss in potency. 
Solution changes were made by flushing 2 ml of the new solution through the pool bathing 
the node (volume, ~0.1  nil). In experiments where more than one concentration of drug was 
used, the lowest concentration was always applied first, since drug effects were difficult to 
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Analysis 
The decline of sodium current during a step depolarization was fit by a double exponential 
function: 
1 = I~-'/" + I,e-'/" + I|  (1) 
where If and I, are, respectively, the initial  amplitudes of the fast and slow inactivating com- 
ponents (extrapolated to the start of the step), rf and r, are their respective time constants, t is 
the time after the voltage step, and I|  is the noninactivating component (small or absent in 
this  preparation).  Both exponentials were fit simultaneously to the declining phase of the 
sodium currents by a Levenberg-Marquardt algorithm (Marquardt,  1963). 
The decline  in peak IN. (proportional  to the increase in blocked channels) during pulse 
trains was fit by the following equations (adapted from Starmer,  1986): 
B, = B._le -x +  E~(1 -  e-X'")e  -xm  (2) 
B0 = 0  (3) 
where Bn is the fraction of channels blocked just prior to the n m pulse in the train, E|  is the 
equilibrium block associated with the "excited" state (i.e., during depolarization), and 
~, = Xj~ +  X  rtr  (4) 
where hr represents the net rate (s -1) of binding during an excited interval (depolarization), k~ 
the net rate (s -~) of unbinding during a recovery interval, and t, and tr represent the dura- 
tions, respectively, of the excitation and recovery intervals. B0, the equilibrium binding level 
for rested fibers, is assumed to be negligible for this analysis.  Estimates of E|  J%, and hr were 
made using a least-squares "Pattern search" algorithm (Colquhoun, 1971). 
RESULTS 
Tonic Block of Sodium Channels by 5-HHX 
As  with  other  local  anesthetic  agents  (Hille,  1966;  Arhem  and  Frankenhaeuser, 
1974), 5-HHX decreases the peak amplitude of depolarization-induced sodium cur- 
rents without affecting the reversal potential  (Fig.  2). The potency for this  "tonic" 
block is rather low; ~2 mM 5-HHX was required to block 50% of the nodal sodium 
current compared with 0.2 mM lidocaine for 50% block at similar holding potentials 
(Chernoff  and  Strichartz,  1988).  In  two  control  experiments,  the  EtOH  vehicle 
alone, up to 2% in Ringer's solution, had no significant effect on the size or kinetics 
of sodium currents  (data not shown).  In one experiment,  8  mM 5-HHX produced 
no more tonic block than seen with 4  mM drug (~60%).  This observation does not 
appear to be related to the solubility of the drug in Ringer's, since the absorbance at 
271  nm  obeyed  Beer's  Law  for  aqueous  concentrations  up  to  10  mM  (data  not 
shown). 
Steady-State Inactivation 
5-HHX produced changes in the apparent voltage dependence  of fast inactivation, 
as measured using a  conventional two-pulse protocol (Hodgkin and Huxley,  1952) 
(Fig. 3).  Inactivation curves were fit by the empirical Boltzmann equation, 
h~ =  [1  +  e+~E-E'~/k] -~,  (5) CHERNOFF AND STRICHARTZ  Block of Na + Currents by 5-HHX  1079 
where E is the prepulse potential, Elm is the potential for which h|  =  0.5, and k is a 
steepness factor. In Ringer's solution without drug, and using 50-ms prepulses, the 
data  points  were  well  fit by Eq.  5  (Fig.  3 A:  circles).  In  the  presence  of 2  mM 
(upward triangles) and 4  mM  (inverted triangles)  5-HHX,  Eq. 5  no longer fit the 
data well. On the basis of a least-squares fit, however, 5-HHX appeared to cause a 
concentration-dependent hyperpolarizing shift in E1/~ and a  decrease in the slope 
factor, k. Four of the five fibers tested showed this characteristic change in the volt- 
age dependence of inactivation.  In the fifth fiber, 4  mM 5-HHX produced <10% 
tonic block and little change in the voltage dependence of inactivation. Nonetheless, 
this fifth fiber, in common with the other fibers tested, showed altered kinetics of 
inactivation and phasic block was observed (see below). 
A 
2~,.M  5- HHX 
V/ 
B 
40- 
20- 
-20"  ￿9  ￿9  ￿9  ￿9  ￿9 
-40" 
0 
0 
0 
0  0 
-80  -40  0  40  80  120 
E,. (mY) 
0  o 
0 
0 
0  ~O OO00 
e~  ~ 
0 
FIGURE 2.  Inhibition  of  so- 
dium  currents  by  5-HHX. 
Sodium currents were evoked 
with a 50-ms, 30-mV hypewo- 
larizing  prepulse  (to  remove 
resting  Na  channel  inactiva- 
tion), followed by a 16-ms test 
pulse  to various  potentials  in 
10-mV  steps.  (A)  Unaveraged 
sodium  current  records from 
one  node  following  leak  and 
capacity  current  subtraction 
are  shown  before  and  after 
addition  of 2  mM  5-HHX to 
the solution bathing the node. 
(B) I-V plot of peak IN, vs. test 
pulse potential. There is about 
a  60% decrease in peak 1N, at 
all  potentials  in  the  presence 
of  drug  (O).  The  reversal 
potential did not change signif- 
icantly.  Eho~ =  --80  mY.  pHo 
7.3. Temperature, 13~  Fiber 
88412. 
One possible reason for the alteration of the voltage dependence of inactivation 
in the presence of anesthetic (Fig. 3 A) is that the binding of drug to sodium chan- 
nels may be voltage dependent; if so, equilibrium might not be achieved within the 
50-ms prepulse. To investigate this possibility, we increased the prepulse duration to 
2.5 s (Fig. 3 B). A hyperpolarizing 2.5-s prepulse in the presence of drug increased 
peak IN~ to a greater extent than did a 50-ms prepulse (dotted lines are curves from 
Fig. 3 A); similarly, depolarizing 2.5-s prepulses decreased peak IN, more than 50-ms 
depolarizing prepulses. Prepulses of 5 s produced no further changes. Eq. 5 fits the 
data obtained in the presence of drug with the 2.5-s prepulses (Fig. 3 B) much bet- 
ter than it fits data obtained with 50-ms prepulses  (Fig. 3 A). The tonic effects of 
5-HHX under steady-state conditions can thus be characterized as a simple voltage 
shift of the inactivation curve and a decrease in the maximum peak IN,. 1080  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  93 ￿9 1989 
For comparison,  we tested the effect of 1 mM benzocaine  on the voltage depen- 
dence of inactivation (Fig. 3 C). Here, 50-ms prepulses reveal a large (20 mV) hyper- 
polarizing shift in E~p with little change in the slope factor, similar to the findings of 
Hille (1977b) and Meeder and Ulbricht (1987). The binding reactions of benzocaine 
are evidendy complete in 50 ms or less, as experiments using 2.5-s prepulses yielded 
results similar to those obtained with the shorter prepulses  (data not shown). 
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FIGURE 3.  Voltage  dependence  of 
inactivation.  (A)  The  peak  sodium 
current  in response to a  depolariza- 
tion  to 0  mV is plotted against pre- 
pulse  potential  for  50-ms  prepulses 
(see  inset  for  protocol),  in  the 
absence of drug (e) and in the pres- 
ence of 2  mM  (A) and 4  mM  (v) 5- 
HHX.  Continuous  curves  are  least- 
squares  fits  to  Eq.  5,  multiplied  by 
1,== (see Methods). E1/~ was 63.2 mV 
(control),  -  70.1  mV  (2raM),  and 
-70.2  mV (4  raM);  k was 6.59  mV 
(control),  8.68  mV  (2  raM),  and 
10.24 mV (4 mM). Arrows mark E~f~ 
on  each  curve.  Fiber  88424.  (B) 
Inactivation assessed using 2.5-s pre- 
pulses.  Symbols  as  in  A.  E~f~ was 
-64.2  mV  (control,  -72.1  mV  (2 
raM), and  -73.3  mV'(4 raM); k was 
6.18 mV (control), 6.28 mV (2 raM), 
and  6.62  mV  (4  raM).  Dotted  lines 
recapitulate fits from A. The control, 
2 raM, and 4 mM data were obtained 
28,  39,  and  68  rain,  respectively, 
after the fiber was placed in voltage 
clamp. Fiber 88424.  (C) Steady-state 
inactivation  (50-ms  prepulses)  as- 
sessed  in  the  absence  (e)  and  pres- 
ence  (&)  of  1  mM  benzocaine.  Ell2 
was  -64.2  mV (control)  and  -86.1 
mV (1  mM benzocaine); k was 10.88 
mV (control)  and  10.11  mV (1  mM 
benzocaine).  Fiber 88127B. 
Rates of Sodium Current Inactivation Are Slowed by 5-HHX 
5-HHX significantly altered the apparent kinetics of inactivation of IN=. Fig. 4  shows 
sodium  currents  recorded  during  depolarization  to  0  mV in  the  absence  (A,  solid 
trace)  and  presence  (B) of 2  mM  5-HHX.  The kinetics  of activation  could  not  be 
well resolved with the recording bandwidth  used  (5 kHz), but the time to peak was 
delayed and the rate of decay of IN= slowed in the presence of drug. CHERNOFF  AND STRICHARTZ 
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FIGURE 4.  Altered kinetics of 
sodium currents during depo- 
larizations  to 0 mV in control 
F:I _if  solution (A and C) and in the 
7  presence of 4  mM  5-HHX (B 
and D). The dotted curve in A 
represents  the  currents  in  B 
scaled  up  to  match  the  peak 
D  current of the control record. 
Joo~  In C and D,  the straight lines 
Io~  give  the  estimates  for  each 
"~  I  I  ~  component of the inactivating 
oOJ  current.  The  fast  component 
.ol  of  inactivation  (If:  ix)  was 
o  4  a  ta  reduced by 67%  in  the  pres- 
time (ms) 
ence of 5-HHX, the slow com- 
ponent (I,: O) by 59%. pHo 7.3. 
Fiber 88412. 
Further analysis  of the  depolarization-evoked Isa  showed that  the  decay of INa 
could be characterized by two exponential phases, fit by Eq. 1 (Fig. 4, C and D, and 
Table I). In control recordings, the relative amplitudes of the fast (If) and slow (I,) 
components of inactivation and their time constants, are similar to those reported in 
frog node (Schwarz et al.,  1983;  Meeder and Ulbricht,  1987).  The amplitudes of 
both the fast and slow components were reduced by 2 mM 5-HHX. In four of five 
fibers tested (see Table I), the fast component of decay appeared more sensitive to 
5-HHX, so that the slow component comprised a greater fraction of the inactivating 
current (increase in F~) after the addition of drug. The time constants of both expo- 
nential components increased in the presence of 5-HHX in roughly the same pro- 
portion (Table I). These findings are quite different from those reported for benzo- 
caine  in  frog node, where benzocaine selectively reduced Is without a  significant 
TABLE  I 
Effea ~  5-HHX ~  t~ Two C~ponmas ~  Sodium Current  Inactiv~i~ at 0 mV 
Fiber 
88127 
88309A 
88412 
88420 
88424 
Mean  •  SEM 
F.--h 
Control  4 mM 5-HHX/control 
I,  lp  1,*  F*  rl~  r 
"/'f  T I  ..... 
I,  +  If  It  1.  F.  rf  r, 
0.25  0.59  2.33  0.85  0.75  0.92  1.63  1.75 
0.16  0.50  2.33  0.69  1.18  1.53  1.92  1.34 
0.11  0.45  2.75  0.33  0.41  1.25  1.47  1.46 
0.16  0.51  2.63  0.33  0.79  2.02  1.65  1.26 
0.14  0.63  2.78  0.55  0.64  1.12  1.10  1.07 
0.16  0.54  2.56  0.55  t  0.75  1.37  1.55  t  1.38  t 
•  •  •  •  •  •  •  • 
*Parameter value after treatment with 4 mM 5-HHX. 
tDrug effect is significant  with P  >  0.95, two-sided paired t test. 1082  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 93. 1989 
change in ~-f or ~', (Neumcke et al.,  1981; Schneider and Dubois,  1986; Meeder and 
Ulbricht,  1987). 
Phasic Block of Sodium Currents by 5-HHX 
Repetitive depolarization of nodal membrane in the presence of 4 mM 5-HHX pro- 
duced frequency-dependent ("phasic") inhibition of sodium currents (Fig. 5). When 
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FIGURE 5.  Phasic inhibition of sodium currents evoked by a 10-Hz train of 1  f-ms depolari- 
zations from -80 to 0 mV (A) in the presence of 4 mM 5-HHX. Every fifth record is shown. 
Peak currents from trims at 10 Hz (O), 5 Hz (a), and 2 HZ (D) were normalized by dividing by 
the amplitude of the peak current during the first pulse and plotted vs. pulse number (B). 
Peak currents recorded during a 10-Hz train before the addition of drug are also shown (o). 
The continuous curves are least-squares  fits  to Eqs.  2-4 (see  Methods), with h~ =  1.01  s -I, 
he  =  8.06 s -1, and E|  =  0.394. prig 7.3. Fiber 88420. 
pulses were applied at 10 s -1, for example, each successive pulse produced an addi- 
tional decrease  in peak INa (Fig.  5 A).  In Fig.  5 B,  peak IN= (normalized  to the first 
pulse in the train) is plotted against pulse number for three stimulus frequencies. As 
with other agents producing phasic block of IN~, the response to periodic depolari- 
zation in the presence  of 5-HHX can be modeled kinetically by assuming that net 
binding of drug (to a continuously available receptor) occurs during each depolari- CHERNOFFAND 8TRICHARTZ  Block  of Na  + Currents by 5-HHX  1083 
zation and net unbinding occurs during each repolarized interval (Courtney et al., 
1978; Starmer, 1986). The resulting equation (see Methods, Eq. 2) provided a good 
fit (by least-squares) to the data (Fig. 5 B), yielding estimates for the binding param- 
eters, & and E|  and the unbinding parameter, ~r (Table II). In two control experi- 
ments, 2% EtOH (twice the concentration used for 4 mM 5-HHX) produced negli- 
gible phasic block of sodium channels (data not shown). 
Recovery from Phasic Block 
To observe the recovery of channels from phasic block more directly than in the 
preceding protocol, the following experiment was performed: a fiber was depolar- 
ized repetitively to produce phasic block, then repolarized for a variable duration, t, 
before applying a single test pulse to assess the extent of recovery of peak INa. The 
cycle was then repeated with a different recovery interval. As seen with quaternary 
and tertiary amine anesthetics (Yeh and Tanguy, 1985), sodium channels recovered 
in two distinct phases (Fig.  6). A double exponential equation, 
Ir~l(t) =  1 -  al e-t/'l  +  (1  -  Al)e  -t/"  (6) 
TABLE  II 
Kinetics of Binding and Unbinding of 5-HHX (4 raM) during Phasic Block 
Fiber  ~  E|  •,*  1/T~ 
$-I  5-1  $-1 
88127  3.56  0.20  0.52  -- 
88309A  7.51  0.37  1.58  2.01 
88412  6.62  0.36  1.17  1.54 
88420  8.06  0.39  1.01  1.69 
88424  5.75  0.53  1.10  1.37 
Mean  •  SEM  6.36  •  1.36  0.37  •  0.07  1.08  •  0.25  1.65  •  0.20 
*Recovery rate based on fit of equations two to four to phasic block data obtained at 
three or more stimulation frequencies. 
~Recovery rate based on  fit of Eq.  6  to slow component of recovery of peak 1N~ after 
phasic block. 
was used to fit the recovery data. One fraction recovered quickly, at a rate similar to 
the rate of recovery from inactivation in control solution, while a  second fraction 
recovered much more slowly. The slowly recovering fraction increased with higher 
doses of drug (n = 4).  The  time constant of the slowly recovering fraction, r2,  as 
estimated from Eq.  6, was (for this fiber) 0.93 s with 2 mM 5-HHX,  0.65 s with 4 
mM (see Table II for comparison with other fibers), and 0.78 s with 8 mM; A1, the 
fast recovering fraction was 0.83  with 2  mM,  0.74  with 4  mM, and  0.63  with 8 
mM. 
Dependence of Phasic Block on Pulse Duration 
If phasic block represents binding to the open state alone, then one would expect 
no further binding for pulse durations longer than that required to inactivate all 
sodium channels. We tested this idea by varying the duration of the depolarizing 
step  in  a  pulse  train,  holding the  recovery interval  constant at  100  ms  (Fig.  7). 1084  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  93  ￿9  1989 
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FIGURE 6,  Recovery  from 
phasic block of peak 1N, (after a 
train  of  50  pulses  of  16-ms 
duration  to  0  mV,  applied  at 
10  pulses/s),  assessed by vary- 
ing the delay between  the last 
pulse in the conditioning pulse 
train  and  a  single  test  pulse. 
Symbols show the time course 
of recovery in control solution 
(O)  and  during  exposure  to  2 
mM (A), 4 mM (B), and 8 mM 
(v) 5-HHX. Continuous curves 
are  least-squares  fits  to  Eq.  6 
(see text), where AI =  0.95, q  =  6.28 ms, r2 =  0.93 s (2 raM); AI =  0.74, ~q ~  9.86 ms, 72 = 
0.65 s (4 mM); and At =  0.63, 71  =  10.6 ms, T2 =  0.80 s (8 mM). pHo 7.3. Fiber 88412B. 
Although  inactivation  is  substantially  complete  in  <20  ms  (see  Figs.  2,  4,  and  5), 
block was significantly enhanced  with longer depolarizations.  These data were fit by 
Eq.  2, with ~, =  4.17 s -~, X  r =  1.30 s -1, and E= =  0.57.  The fit was fair for the long 
duration pulses, but the equation  predicts less block for the shortest duration pulses 
(< 10 ms) than was observed. This provides one indication  that binding occurs more 
rapidly early in a depolarization,  when channels are open, than later, when channels 
are inactivated.  Nevertheless,  it seems clear that  significant binding continues  long 
after sodium channels have inactivated.  The estimated binding rate during depolar- 
ization, X~ =  4.17  s- ], primarily reflects the rate of binding to inactivated channels, 
as it is derived from long duration  (> 10  ms) pulses in which  inactivation  predomi- 
nates. 
Kinetics of Phasic Block by 5-HHX Are Independent of  pH 
As described in the Introduction,  the kinetics of phasic block by tertiary amine anes- 
thetics depend strongly on extracellular  pH: the rate of recovery from phasic block 
is increased at alkaline pHo and slowed at acidic pHo, which is consistent with titra- 
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FIGURE 7.  Dependence  of 
phasic  block  on  conditioning 
pulse duration. Peak IN= is plot- 
ted  vs.  pulse  number,  for 
depolarization  durations  of  1 
ms (zx), 6 ms (0), 10 ms (v), 20 
ms (o),  and  60  ms (O). Repo- 
larization  intervals  were  held 
constant  at  100  ms.  Continu- 
ous curves are least-squares fit 
of Eqs.  2-4  to  data  from  10, 
20, and 60-ms duration pulses. 
~r  =  1.30  s -j,  X~  =  4.17  s -l, 
E|  =  0.56.4  mM 5-HHX. pHo 
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tion  of the  tertiary  amine  while  the  drug is  bound  to a  receptor  (Schwarz  et  al., 
1977; Broughton et al.,  1984; Starmer and Courtney,  1986). Phasic block with qua- 
ternary lidocaine  derivatives  is  not pHo-dependent  (Schwarz  et al.,  1977),  but  the 
lack of demonstrable phasic block with neutral agents to date has precluded a simi- 
lar analysis for neutral drugs. It was therefore of interest to examine the pHo depen- 
dence of phasic block with 5-HHX. 
Phasic block was assessed at pHo 7.3, 8.5, and 9.4 in a single fiber, at three stim- 
ulus frequencies  (Fig. 8). There were only modest effects of pHo on the kinetics of 
block with 5-HHX, compared with the dramatic effects of pHo on phasic block with 
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FIGURE 8.  Dependence  of  phasic 
block on external  pH.  Phasic  block 
40  was recorded at pHo 7.3 (A), 8.5 (B), 
and 9.4 (C). Symbols show peak cur- 
rents measured during pulse trains at 
4  Hz (z~), 10 Hz (O), and 20 Hz (0). 
Least-squares  fit  to  model  in  text 
yielded ~  =  1.86 s -1, ~  =  8.69  s -1, 
E|  =  0.36  (pH  7.3);  Xr  =  1.67  S  -l, 
X  e =  11.0  S  -a,  E|  =  0.43  (pH  8.5); 
~r  =  2.42  S -a,  ~e  =  10.1  s -a,  E|  = 
0.87 (pH 9.4).  The increase in E|  at 
40  higher pH may reflect a true modula- 
tion  of the  receptor  site  or,  more 
likely,  a  slow  component of wash-in 
of  drug.  4  mM  5-HHX.  Fiber 
88309A. 
lidocaine  (Schwarz  et  al.,  1977;  Broughton et  al.,  1984;  Chemoff and  Strichartz, 
1988).  Control runs at these three pHo levels (in the absence of drug) revealed no 
systematic decline  of peak INa with  pulse  number  for rates  up  to 20  Hz (data not 
shown).  These findings are consistent with the conclusion of Schwarz et al.,  (1977) 
i.e.,  pHo has little direct effect on the binding site for local anesthetics. 
DISCUSSION 
We have made the somewhat arbitrary division of the actions of 5-HHX on sodium 
channels into tonic and phasic effects, where tonic refers to effects observed at low 1086  THE  JOURNAL  OF  GENERAL PHYSIOLOGY-VOLUME  93.  1989 
rates  of stimulation  and  phasic  refers to cumulative effects at higher stimulation 
rates. If all the observed effects of 5-HHX can be attributed to binding to a single 
receptor, then the tonic/phasic division is merely operational. If, however, 5-HHX 
has  more than  one site  of action,  then the  distinction between tonic and  phasic 
block may reflect binding or perturbation at these different sites. 
In the presence of the quaternary anesthetic QX-314, both tonic and phasic block 
of nodal sodium channels apparently require the open channel conformation (Stri- 
chartz, 1973). That is, the first depolarization after internal application of QX-314 
reveals little decrease in IN~; subsequent pulses show a persistent block, even when 
applied infrequently. With the neutral anesthetic benzocaine, tonic block can occur 
without  channel  activation  (Ulbricht  and  Stoye-Herzog, 1984).  Hille  (1977b)  has 
suggested  that  these  distinctions  primarily  reflect  hydrophilic  and  hydrophobic 
access pathways to a common binding site: the channel must open to allow access of 
QX-314,  while  benzocaine  has  continuous  access  to  open  or  closed  channels 
through the membrane lipid. Under this hypothesis, the absence of phasic block by 
neutral  agents  in voltage clamp  studies  is  due  to  their  rapid  dissociation from a 
receptor shared with charged agents.  Our observation of phasic block in the pres- 
ence of 5-HHX is consistent with the idea that 5-HHX binds to, and unbinds slowly 
from, a  gated receptor like that  for charged agents.  However, some of the tonic 
effects of 5-HHX appear  difficult to  reconcile with  a  single  locus  of action  (see 
below). 
Tonic Effects 
The tonic block of sodium channels by 5-HHX appears similar in most respects to 
that  observed with  other anesthetics;  there  is  a  decrease in  sodium  permeability 
without a change in the reversal potential, and a hyperpolarizing shift in the voltage 
dependence of inactivation. The low potency of 5-HHX for block of sodium chan- 
nels may be related to its relatively low lipophilicity, as estimated from its octanol/ 
water distribution coefficient (Q) of -9  at 22~  (Chernoff and Strichartz; unpub- 
lished results). For comparison, Q ~  65 for lidocaine at pH 7.3 and 25"C (Sanchez 
et al.,  1987), and lidocaine is roughly ten times more potent under similar test con- 
ditions.  The inability of 5-HHX to produce more complete inhibition of sodium 
currents when the concentration was raised to 4  and 8  mM  in these experiments 
suggests, as one possibility, that there is more than one type of sodium channel in 
the nerve membrane, with different affinities for drug (e.g., see Benoit et al., 1985; 
Meeder and Ulbricht,  1987); 8  mM 5-HHX might then saturate one channel type 
while producing little inhibition of the second. 
Kinetics oflNa. The slowing of the rate of decay of sodium currents in the pres- 
ence of 5-HHX is unexpected, since benzocaine has been reported either to have no 
effect on (Schneider and Dubois, 1986; Meeder and Ulbricht, 1987) or to accelerate 
(Neumcke et al.,  1981) the rate of INa inactivation. The slowing of the time-to-peak 
and the slower decay of INa may both be due to a selective effect of 5-HHX on either 
the microscopic activation or inactivation processes, depending on the model used 
for sodium channel gating.  For example, if the drug slows the rate of delivery of 
channels to the open state, it will affect IN, appropriately in models where activation 
is slow and inactivation is rapid. Conversely, if the drug slows the microscopic rate CHERNOFFAND  STRICHARTZ Block  of Na + Currents by 5-HHX  1087 
of inactivation, it will produce the same macroscopic effects in models where activa- 
tion is rapid and inactivation is slow (see Vandenberg and Horn, 1984, for a review). 
Therefore, mechanistic interpretation of this effect of 5-HHX requires further elu- 
cidation of the gating kinetics of sodium channels in this preparation, e.g., by gating 
current and single-channel measurements. The relationship of these effects on inac- 
tivation kinetics to phasic block, if any, is obscure. 
Phasic Effects 
Repetitive depolarization of nodal membrane in the presence of 5-HHX causes a 
frequency-dependent increment in  the  fraction of blocked channels. This excess 
block relaxes slowly enough at the holding potential to distinguish kinetically the 
bound channels from normally inactivated channels (Figs.  5 and 6). The estimated 
rate constant for recovery from block between pulses, hr ffi 1.01 S  -~ (Fig. 5), is in fair 
agreement with the time constant (1/rate constant) of the slowly recovering sodium 
permeability measured directly, r~ ffi 1.69 S (Fig. 6 and Table II). The two compo- 
nents of recovery after phasic block in Fig. 6 are most simply interpreted as due to 
two populations of channels, one substantially unmodified (fast recovery) and the 
other anesthetic bound (slow recovery) (see Yeh and Tanguy, 1985). 
We also calculated a  predicted time constant for recovery based on the "size/ 
solubility" hypothesis and regression equation relating recovery time constants to 
molecular weight  and  lipid  solubility (Courtney,  1985).  There  is  fair agreement 
(given the difference in experimental conditions) between the mean time constant 
for recovery in 4 mM 5-HHX in these experiments (1.08 or 1.65 s, depending on 
the method of measurement; see Table II), and the value predicted from Courtney's 
regression equation (0.80 s). Courtney's predicted recovery time constant for ben- 
zocaine, using an estimated partition coefficient of 65.9  (Froese,  1986),  is 0.05  s; 
too fast, perhaps,  to distinguish kinetically from inactivation recovery (T ~-0.01  S). 
According to  Courtney's hypothesis,  the  relatively slow rate  of unbinding of 5- 
HHX, compared with benzocaine, is due in part to its lower lipid solubility and in 
part  to its larger size.  Modification of the structure of 5-HHX,  by adding substi- 
tuents, would either slow or accelerate unbinding, depending on the relative contri- 
butions of the substituents to the molecular weight and to the partition coefficient, 
permitting an experimental test of these ideas. 
Open vs.  inactivated channel block. The observation that block of channels con- 
tinues to increase for durations longer than that required to inactivate all sodium 
channels  (Fig.  7)  strongly suggests  that binding is  not limited to  the open  state. 
Much of the block, in fact, can be accounted for by binding to an inactivated state. 
This is consistent with Hille's hypothesis (1977b)  of hydrophilic and hydrophobic 
access pathways to a common receptor, i.e., neutral drugs have continuous access to 
the receptor via a hydrophobic pathway. 
Binding affinities  estimated  by the modulated receptor and guarded receptor hypothe- 
ses. If we assume that sodium channels exist in only two conformations at the hold- 
ing potential, resting (R) and inactivated (I), then it becomes possible to estimate the 
relative affinities of drug for the resting and inactivated states from the dose depen- 
dence of the shift in the midpoint of the inactivation-potential curve (Bean et al., 
1983).  The shift in the midpoint, AE~r  2, is related to the relative affinities for the 1088  WnE JOURNAL  OF  GENERAL  PHYSIOLOGY. VOLUME  93-  1989 
resting and inactivated states by the following equation (from Bean et al.,  1983): 
AE1/~ = k ￿9 In [(1  +  [D]/Kn)/(1  +  [D]/KI)]  (8) 
where  k  is  the  slope  factor,  D  is  the  drug concentration,  and KR  and  K~ are  the 
apparent dissociation constants for the resting and inactivated states.  If k is taken as 
6.3 mV (the mean of the k's from Fig. 3 B), AEI/2 =  -7.9  mV (2 mM 5-HHX), and 
AEl/2  =  -9.1  mV  (4  mM  5-HHX),  then  KR  =  1.63  mM,  and  Kl  =  0.29  mM. 
Although these estimates  are based on only two concentrations, a  relatively modest 
difference  in  the  apparent  affinities  of drug  for  I  and  R  is  consistent  with  the 
smaller shifts in El/~ with 5-HHX compared with benzocaine. Using these estimates, 
Eq. 8 predicts a maximum shift of E~/2 with 5-HHX equal to (AE~/~)toj_|  =  k ￿9 In (KI/ 
KR)  =  --  10.9 mV, much less than the  -  20 mV shift seen with a nonsaturating dose 
(1  raM) of benzocaine. 
The  guarded  receptor  hypothesis  can  also  explain  the  drug-induced  shift  in 
apparent steady-state inactivation (Starmer et al.,  1984). The original formulation of 
this hypothesis, in which binding only occurs in open channels to a constant affinity 
receptor, predicts a decrease in the slope factor, k, i.e., steeper voltage dependence, 
in the presence  of drug (Fig.  3  of Starmer et al.,  1984).  This is not observed with 
5-HHX or with benzocaine.  However,  the  observed effects of these  drugs  can be 
reconciled with the guarded receptor hypothesis if neutral  agents have access only 
to  inactivated  channels,  but  can  unbind  at  any time  and  from any conformation 
(Starmer,  personal communication).  Under these restrictions,  the midpoint shift in 
inactivation is: 
AEI/~ = k  ￿9 In (1  +  [D]/KD)  (9) 
yielding KD estimates  of 0.80  mM  (2  mM  5-HHX)  and  1.23  mM  (4 mM  5-HHX). 
There  is  not sufficient  evidence  in  the  present  study to distinguish  between  these 
hypotheses. 
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